The crystal structures of poly(nonamethyleneoxamide) (nylon-9,2) were investigated by wide-angle X-ray diffraction (WAXD) and differential scanning calorimetry. Nylon-9,2 shows a polymorphism with two different structures depending on the conditions of sample preparation.
Introduction
Polyoxamides (-NH-R-NH-CO-CO-) have excellent properties such as high melting points, high modulus, and low solubility in engineering plastics. In their molecules, oxamide groups consist of two amide bonds, therefore polyoxamides are classified as nylon-x,2 materials.
The crystal structures of even and odd polyoxamides have been compared with even-even nylons and odd-even nylons, respectively.
The crystal structures for aliphatic nylons have been widely investigated [1] [2] [3] [4] [5] . Generally, the  form appears in the crystals of even-even nylons [1, 6] . The crystal structure of the form constructed by the stacking of the molecular sheets composed of hydrogen-bonded molecular chains in the fully extended planar zig-zag conformation. X-ray diffraction pattern of the -form is characterized by two strong Bragg reflections that appear at d-spacings close to 4.4 and 3.8 Å.
These d-spacings correspond to the inter-chain distances within and between the molecular sheets, respectively. For the odd-even and even-odd nylons, on the other hand, only the amide groups can partially establish hydrogen bonds within the molecular sheets. It was reported by Kinoshita [7] that these nylons seems to primarily crystallize into the -form, in which amide groups tilt with respect to the chain axis and form complete hydrogen bonds in the molecular sheets. While, the existence of the crystalline phase similar to the -form have been reported for various aliphatic nylons containing methylene segments with odd numbers, such as nylon-5,6 [8, 9] , nylon-5,10 [10] , nylon-9,2 [11] , nylon-6,5 [12] , nylon-12,5 [13] , and even-odd nylons derived from undecanedioic acid [14] . The wide-angle X-ray diffraction (WAXD) patterns of these nylon crystals give two strong Bragg reflections at d-spacings ca. 4.4 and 3.7 Å, which are similar to those of the -form of even-even nylons [1, 2] .
In the case of even polyoxamides, the crystal structures of nylon-4,2 [15] , nylon-6,2 [16, 17] nylon-8,2 [16] , nylon-10,2 [16] , and nylon-12,2 [16, 18] were studied by means of wideangle X-ray diffraction (WAXD). The WAXD patterns of the crystals of these polyoxamides show two characteristic Bragg reflections at d-spacings of 4.5 and 3.7 Å, similar to the -form of even-even nylons. While for odd polyoxamides, only the crystal structure of nylon-9,2 has been determined by using the X-ray fiber diffraction pattern [11] . The typical d-spacings of the α-form are found in the WAXD pattern of nylon-9,2 crystal despite of odd-even nylon. We call here this crystalline phase of nylon-9,2 "form I". Figure 1 shows the crystal structure of form I of nylon-9,2 reported by Franco, et al [11] . In form I of nylon-9,2, the chains are in all-trans conformation, and the torsion angle C(O)-N(H)-C(H 2 )-C(H 2 ) is about 155°, which allows hydrogen bonds between neighboring chains to be formed. Consecutive oxamide planes (-NH-CO-CO-NH-) tilt out of the plane in opposite senses and form two types of hydrogen bonds in different directions.
As a result, nylon-9,2 shows an orthorhombic molecular chain packing in form I ( Fig. 1(a) ). As noted above, it have been reported that nylon-9,2 crystallizes into the -like form (which we call form I) in spite of odd-even nylon [11] . Generally, other odd-even nylons have another crystalline form, the -form. The existence of neither the -form or other polymorphs have been reported for nylon-9,2. The aim of this study is to investigate the polymorphism of nylon-9,2. In this study, we prepared the oriented fiber, solution-crystallized, and meltcrystallized samples. The crystal structures of the nylon-9,2 samples are investigated by WAXD and differential scanning calorimetry (DSC). Firstly, we will confirm that only form I exists in the oriented fiber sample as previously reported [11] . Then, we will show that nylon-9,2 crystal have a new crystalline phase which is different from form I (-like form) for both solutioncrystallized and melt-crystallized samples. The crystal structures of the polymorphs of nylon-9,2
and their temperature dependence will be discussed.
Experimental

Synthesis and preparation
Nylon-9,2 was synthesized by polycondensation of 1,9-nonamethylenediamine and dibutyl oxalate according to the two-step synthesis method previously reported [11, 16] . 1,9-nonamethylenediamine and dibutyl oxalate were supplied from Ube Industries, Ltd (Ube, Japan) and Kuraray Co. Ltd (Tokyo, Japan), respectively. The intrinsic viscosity of the polymer was determined using an Ubbelohde viscometer in sulfuric acid (96% wt/wt) at 25 ± 0.1 °C, and was determined as 1.23 dL/g. The synthesized polymer was dried at 110 °C for 12 h in a vacuum and used for sample preparation or measurements. 
Differential Scanning Calorimetry
The thermal behavior of MCS was investigated by differential scanning calorimetry (DSC) with Rigaku DSC8320 apparatus at a scanning rate of 10 °C/min in nitrogen atmosphere.
the calorimeter was calibrated using the melting temperature of an indium standard.
Results and Discussion
WAXD pattern of the oriented fiber sample
The WAXD pattern of the oriented fiber sample was measured to investigate the crystalline form. Figure 2 shows the observed WAXD pattern of the oriented fiber of nylon-9,2. Table 1 . The reflections are initially indexed by using the monoclinic unit cell parameters determined in previous work [11] as listed in Table 1 Bragg reflections of form I, respectively. Therefore, the main crystalline phase of the SCS is considered to be form I. These reflection data are listed in Table 2 . Reflections Sʹ1, Sʹ2, and Sʹ3
WAXD patterns of the SCS and MCS
in Fig. 3(a) , which cannot be indexed as form I, are also observed for the SCS. According to the previous study [11] , the authors pointed out that the reduced number of chain repeat units in the lamellar thickness may contribute to the reflection Sʹ1. It is therefore not a Bragg reflection peak.
We believe that reflections Sʹ2 and Sʹ3 around the 020 reflection of form I are identified as amorphous halo and Bragg reflection of different crystalline form, as will be discussed later. 
Temperature variation of the crystal structure in the SCS
The temperature variation of the crystal structure in the SCS is investigated by WAXD. Figure 4 shows the temperature dependence of the WAXD patterns of the SCS upon heating. The peak position of the 002 reflection of form I does not change until melting. While, the 020 and 110 reflection peaks shift to higher scattering angle and the lower scattering angle, respectively. Above behavior of the molecular chain packing is often observed for other nylon below the Brill transition. On heating, the crystalline phase transition, the so-called Brill transition, is observed in aliphatic nylons [4, 5, 19, 20] . The Brill transitions of various nylons have been extensively studied [21] [22] [23] . X-ray diffraction is the most useful technique to confirm this transition. The two strong reflections at d-spacings of 4.4 and 3.7 Å merge into a single peak at the Brill transition. According to a conformational study on the transition, the mobility of the methylene segments between the amide groups increases at the Brill transition, although the hydrogen bonds between the neighboring chains are maintained [24, 25] . As a result, the packing of the molecular chains changes from triclinic or orthorhombic to quasi-hexagonal.
In present case, the 020 and 110 reflections do not merge into a single peak before melting. Thus, it is concluded that form I crystal of the nylon-9,2 does not undergo the Brill transition. This experimental fact has been already reported by Franco and coworkers [11] .
According to them, the hydrogen bonds in two directions at an oxamide group between nylon-9,2 molecules seem to make difficult to occur the Brill transition. The reflections S′2 and S′3
belonging to form I′ in Fig. 3 shift to lower scattering angle with an increase in temperature and vanish at 250 °C. The behavior detail of the reflections belonging to form I′ will be discussed later (in the MCS section). Fig. 3(b) . The temperature variations of the peak positions of these reflections are consistent with those of the SCS shown in Fig. 4 .
Temperature variation of the crystal structure in the MCS
The reflection peaks at 2 = 6.37°, 12.26°, 19.82°, 21.20°, 21.84°, and 22.80° in the WAXD pattern at 25°C in Fig. 6 , which correspond to the M1, M3, M4, M6, M7, and M8 reflection peaks in Fig. 3(b) , respectively, are considered to be identified as the Bragg reflections of form I′. The peak M1, which is expected to relate to the fiber period (00l), shifts to a higher scattering angle with an increase in temperature. On the other hand, the M3, M4, M6, and M7 reflection peaks, which are expected to be from the lateral packing of the molecules, shift to lower scattering angles. At 245°C, the M1, M3, M4, M6, M7, and M8 reflection peaks disappear simultaneously; this means that these peaks belong to same crystalline phase, form I′. While, the reflection peaks of form I begin to disappear at 254°C. Solid-solid phase transition between forms I and I′ is not observed. Thus, it is concluded that the new form I′ is found for the MCS, and the melting temperature of form I′ is lower than that of form I. The latter fact suggests that form I is more stable than form I′. Figure 8 shows the DSC heating curve of the MCS of nylon-9,2. The initial sample was crystallized at 235 °C for 24 h. Three endothermic peaks are observed at 235 °C, 244 °C, and 252 °C. The endothermic peaks at 245 °C and 252 °C is considered to be the melting peaks of form I′ and form I, respectively. It should be noticed that the small endothermic peak at 235 °C is broad. The temperature variation of WAXD pattern of the MCS showed no polymorphic transition on heating process. In the case of crystalline polymers, small crystals formed during the cooling after the isothermal crystallization. Therefore, the small endothermic peak at 235ºC
is probably due to the melting of small crystallites.
Crystal structure of form I′
As mentioned above, it was found that nylon-9,2 crystal shows the polymorphism; form I and form I′ appear depending on crystallization condition. Polymorphism is often observed in other nylon materials as well as nylon-9,2. For example, the -like form and -form are observed for odd-even nylons. It has been reported that nylon-5,10 shows a polymorphism depending on the conditions of sample preparation [10] . Nylon-5,10 had an -like structure when the sample was prepared from strong acid solutions or their mixture with chloroform. While, the -form crystallizes from the melt. Nylon-9,2 may pack in the same manner to the -form, and should
give rise to a Bragg reflection around d = 4.15 Å which is peculiar to the -form crystal.
However, the WAXD patterns of form I and form I′ are clearly different from the WAXD pattern of the -form. The torsion angle 120° of the NH-CH 2 bond is required for the -form. The higher conformational rigidity of the oxamide groups than amide groups may cause the absence of the -form for nylon-9,2.
In some aliphatic nylons, a high-temperature form is observed. For example, the hightemperature form of nylon-5,6 has been found by Puiggalí, et al [8] . Table 3 .
Moreover, form I′ is less stable than form I and shows temperature variation owing to thermal expansion on heating. Hence, the crystal structure in form I′ is disordered, and molecules in form I′ have many defects. The disordered molecular structure in form I′ may cause the stretching the fiber period. Furthermore, the molecular conformation containing defects in form I′ requires the different packing of the chains and the different hydrogen bonding system from those in form I.
Conclusions
We have investigated the polymorphism of nylon-9,2. Two different crystal structures are confirmed by WAXD. One is monoclinic form I, which is previously reported and has -like structure, where hydrogen bonds are formed along two directions. The other is new form I′ found in this study. When nylon-9,2 is crystallized from the solution, form I dominantly appears.
While, in the case of melt-crystallized nylon-9,2, form I and form Iʹ coexist. The temperature variations of the WAXD patterns shows that both forms do not undergo any phase transitions until their melting and that the melting of the form I′ crystal begins at a lower temperature than that of form I. These facts suggest that the form I′ is a metastable phase. It is considered from the WAXD pattern that crystal structure of form Iʹ is disordered compared to that of form I.
